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The sense of hearing is the fastest of our senses and provides the ﬁrst all-or-none action potential in the
auditory nerve in less than four milliseconds. Short stimulus evoked latencies and their minimal vari-
ability are hallmarks of auditory processing from spiral ganglia to cortex. Here, we review how even
small changes in ﬁrst spike latencies (FSL) and their variability (jitter) impact auditory temporal pro-
cessing. We discuss a number of mouse models with degraded FSL/jitter whose mutations occur
exclusively in the central auditory system and therefore might serve as candidates to investigate the
cellular mechanisms underlying auditory processing disorders (APD).
© 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Many mouse models of hereditary deafness consist of a mixture
of peripheral dysfunction that is detectable in the cochlea and
additional downstream effects evident in different neurons of the
ascending auditory pathway (Lenz et al., 2011; Moser et al., 2013;
Pangrsic et al., 2012, 2010; Richardson et al., 2011; Steel et al.,
2001). Assessing the mechanisms of central processing deﬁcits in
these models is often difﬁcult as they need to be untangled from
the primary cochlea dysfunction. Therefore we focus our review on
mouse models that show central auditory processing deﬁcits
derived from a mutated gene that is not expressed in the cochlea.
Our focus on timing and temporal precision is vested in the
extraordinary speed of auditory processing. Even though, physi-
cally, the speed of light is faster than the speed of sound as can be
easily experienced during lightning, when it comes to the speed ofgy, Department Biology II,
er Strasse 2 82152, Planegg-
ug).
B.V. This is an open access article uprocessing sensory information the sense of hearing outruns the
other senses. This is mainly due to the different response latencies
in the receptor organs (King and Palmer, 1985). The chemical
transduction of light in the retina includes the light activated
change in opsin conformation, G-protein coupled second
messenger cascades andmultiple synaptic connections which leads
to a latency of action potentials in optic nerve ﬁbers of about
20e100 ms (Gouras, 1967). In contrast, the mechano-electrical
transduction of sound waves into action potentials in the audi-
tory nerve is completed within 1e4 ms (Rupert et al., 1963;
Taberner et al., 2005). The standard deviation of these latencies
(jitter) is known to be related to the absolute latency and is only
about 0.8 ms in the auditory nerve (Rhode and Smith, 1986), which
is 10-fold less than reported for mammalian retinal ganglion cells
(Uzzell and Chichilnisky, 2004).
The cochlea disassembles complex environmental sound into a
place and frequency code. From this, the central auditory system is
able to reconstruct in almost-real time a detailed map of the
environment. Critical in this reconstruction is the maintenance of
temporal information. As such, the ascending auditory pathway is
specialized for maintaining temporally precise and reliable signal
transmission along large diameter, heavily myelinated axons (vonnder the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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(Schneggenburger and Forsythe, 2006). With timing of action po-
tentials leaving the cochlea as one of the major parameters
encoding the acoustic signal, any degradation of action potential
timing within and/or past the cochlea is likely to impair auditory
processing. Such auditory processing disorders (APD) are by deﬁ-
nition not accompanied by changes in the pure tone audiometry,
but rather encapsulate a variety of impediments that inﬂuence the
way complex acoustic signals are processed by the brain (Hendler
et al., 1990; Humes et al., 2013; Ludwig et al., 2014; Moore, 2006).
It is important to emphasize that APDs can occur despite normal
peripheral hearing and need to be demarcated from cognitive or
language related disorders (Moore, 2012). Individuals with APD
experience difﬁculties in various auditory tasks including sound
localization. Additionally APD sufferers may exhibit impaired
speech comprehension, and encounter difﬁculty distinguishing
subtle differences between sounds in words, e.g./bark/vs./dark/,
especially if the speech occurs in an acoustically challenging envi-
ronment (Moore, 2014). Diagnosing APD and learning more about
the underlying pathophysiology was difﬁcult until auditory brain-
stem responses (ABR) to speech stimuli were established as a
reliable and objective measure to access auditory processing
mechanisms without requiring active involvement of the subjects
(for review see: (Johnson et al., 2005). Just recently ABRs evoked by
the syllable/da/were used for the clinical assessment of children
with APD (Rocha-Muniz et al., 2012, 2014b). These studies showed
that speech-evoked ABR onset-waves in children with APD had
signiﬁcantly longer latencies with larger variability than in their
age-matched controls, while no differences in the later, spectro-
temporal (vowel) domain were observed between the groups
(Rocha-Muniz et al., 2014b). This ﬂawed stimulus onset encoding in
individuals with APD suggests ﬁrst spike latency (FSL) and jitter as
key parameters to identify mouse models of central deafness or
central hearing disorder (Fig. 1). Based on electrophysiological
studies in such mouse models, we will discuss how even a slight
temporal disturbance in action potential generation andsyllable
/Da/ r
tone stimuli or SAM
s
r
A
B
human study
mouse model
Fig. 1. Diagram of the suggested connection between APD in humans (A) and ﬁrst spike
humans that have their ABRs recorded. Schematics of an ABR recording of APD sufferers (red
to the ABR of normal controls (black trace) (see Rocha-Muniz et al., 2014a for more informati
stimulation evokes single unit responses measured in mouse mutants and wild type litterma
stimulus repetitions. Controls (black dots) show onset responses with short latencies and low
examples of MNTB recordings in a Kv1.1 knockout and a wild type littermate by CK-S, see Ko
indicate the similarity between changes in the onset responses in the ABR and in the single
the response. The blue upward arrows point out the use of mechanistic ﬁndings from mouconduction (e.g. mutations in bIV-spectrin, Kv1, Kv3) or synaptic
transmission (e.g. complexin1, a2d3, CaV1.3) will have substantial
impact on auditory processing acuity.2. Processing strategies for high temporal precision
Encoding of temporal features of sound such as onset, offset and
gaps, or the computation of sound location based on interaural
differences in time/intensity is ﬁrstly and predominantly achieved
by auditory brainstem neurons which will be the focus of this
review.
The presence and timing of the ﬁrst stimulus evoked action
potential (¼ﬁrst spike) is not only crucial for sound onset encoding
but also for responding to each phase of ongoing low frequency
pure tones and to fast amplitude transients in the envelope of more
complex sounds (Heil, 2004). That means within a natural sound of
tens to hundreds of milliseconds there can bemultiple “ﬁrst spikes”
depending on the temporal ﬁne structure of the stimulus and each
one of those ﬁrst spikes needs to be precisely timed.
FSL and jitter are most precise in neurons that receive a large
number of convergent inputs which coincide within a short tem-
poral integration window (Oertel et al., 2000; Rhode et al., 1986;
Typlt et al., 2012). Brief integration windows are achieved by a
combination of inward and outward currents that are open at
resting membrane potentials, for example current mediated by
hyperpolarization-activated cyclic nucleotide modulated (HCN)
channels (IH) or low-voltage activated potassium channels (Kv1),
respectively. The combined activity of IH and Kv1 at resting mem-
brane potentials makes neurons leaky and results in a low input
resistance as meticulously studied in octopus neurons of the
ventral cochlear nucleus (VCN) or in principal neurons of the
medial superior olive (MSO) (Baumann et al., 2013; Cao et al., 2011;
Golding et al., 2012, 1999; Khurana et al., 2012; Lehnert et al., 2014;
Mathews et al., 2010). Only strongly convergent input will be able
to overcome the leaky membrane of these neurons to generate a
well timed action potential. Other brainstem neurons use aVo
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latency/jitter in mouse models (B). A) Spoken language (syllable/Da/) is perceived by
) illustrates a delay and broadening in the onset component of the response compared
on). The ~10 ms onset window (dashed box) is enlarged in the rightmost panel. B) Tonal
tes. The dot raster displays show the timing of single action potentials in response to 15
jitter, while mutants (red) showed delayed and variable responses (data: unpublished
pp-Scheinpﬂug et al., 2003 for more information). Note that the blue downward arrows
unit recordings which are both measured within the same time window of 0e10 ms of
se models towards diagnostics and therapy in APD sufferers.
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tential ﬁring: the spherical bushy cells in the VCN (Ryugo et al.,
1991; Spirou et al., 2005), the principal cells of the medial nu-
cleus of the trapezoid body (MNTB) (Friauf et al., 1988; Held, 1893;
Smith et al., 1991) or the neurons of the ventral nucleus of the
lateral lemniscus (VNLL) (Schoﬁeld et al., 1997; Vater et al., 1990) all
receive giant glutamatergic somatic synapses known as endbulb or
calyx synapses that turn very few or even only one giant input into
a fast and precise output. Elaborate presynaptic release machin-
eries (Schneggenburger and Forsythe, 2006), fast AMPA receptors
(Berger et al., 2014; Forsythe et al., 1993; von Gersdorff et al., 2002;
Wang et al., 2008, 1998) and speciﬁc sets of postsynaptic potassium
channels (Johnston et al., 2010; Oertel, 2009) are employed to
ensure a single, precise action potential in response to brief,
suprathreshold depolarization. Further it has been shown that
inhibitory mechanisms via glycinergic or GABAergic transmission
additionally serve to increase the temporal precision of FSL, jitter
and phase locking (Chanda et al., 2010; Dehmel et al., 2010; Kopp-
Scheinpﬂug et al., 2008).
Short FSLs and low jitter enable strong phase locking, all of
which are crucial for binaural coincidence detection that underlies
interaural time differences (ITDs) and interaural intensity differ-
ences (IIDs) based sound localization (Grothe et al., 2010; Tollin
et al., 2005). Therefore, mutations in genes encoding for potas-
sium channels or proteins involved in synaptic release are likely to
result in a degradation of temporal precision that can be monitored
as poor performance in sound localization or modulation-detection
tasks in the speciﬁc mouse mutants.
3. Mouse model of central deafness
Mutations causing central rather than peripheral deafness are
rare or poorly recognized. A deﬁnition of central vs. peripheral
deafness is not trivial as it is often difﬁcult to deﬁnewhere one ends
and the other starts. In this review we will use the absence of the
affected protein in the normal (wild type) cochlea as a criterion for
a central rather than peripheral cause of deafness. The complete
lack of all waves but wave-1 in auditory brainstem recordings
(ABRs) is a valid indicator that peripheral auditory processing is
intact, while central auditory processing is not. Thus, the absence of
waves 2 and higher was used to classify a mouse as a model for
central deafness. Further we will show that it is the absence of
synchrony in the central auditory system, rather than the absence
of sound level sensitivity, that causes the lack of the subsequent
ABR waves.
3.1. bIV-spectrin mutation (quivering mouse)
The quivering mouse hosts a mutation in the bIV-spectrin gene
that causes progressive ataxia, hind limb paralysis, tremor and also
deafness (Yoon and Les, 1957). To date, the quivering mouse is the
only documented model of central deafness caused by central
nervous but not cochlear dysfunction (Bock et al., 1983; Deol et al.,
1983; Horner et al., 1984; Parkinson et al., 2001). The central
deafness phenotype of quivering mice is deﬁned through the
presence of ABR wave 1, thought to be generated by sound evoked
activity in the cochlea, while all subsequent waves are absent. The
mutation carried by the quivering mouse affects the bIV-spectrin
protein which is crucial for anchoring sodium channels to their
location in the axon initial segment and nodes of Ranvier (Komada
et al., 2002; Uemoto et al., 2007). Consequently, mutations in bIV-
spectrin result in disruption of axonal organization and failures in
axonal action potential conduction.
A total of seven quivering alleles have been described in mice,
and, when expressed cause varying degrees of severity of motorsymptoms. None of these models show any sound evoked activity
beyond the cochlea, as indicated by the absence of ABRwaves 2 and
higher (Parkinson et al., 2001). Conﬁrming previous work on the
original quivering mutant (Horner and Bock, 1984) we observed
only a slight increase in acoustically-evoked ﬁring thresholds be-
tween bIV-spectrin mutants and wild type littermates and no dif-
ferences in spontaneous or sound-evoked ﬁring rates using single
unit recordings in VCN neurons (for in vivo Methods please see
(Kopp-Scheinpﬂug et al., 2003, 2011) and ﬁgure legend 2). How-
ever, we found that already in the cochlear nucleus the accuracy of
action potential generation was severely reduced and phase locked
responses to sinusoidal amplitude modulations (SAM) were greatly
reduced in qv4J mutant mice (Fig. 2). Suprathreshold tonal stimu-
lations at the neurons' respective characteristic frequency were
repeated 20 times and FSLs were plotted against sound intensities
between 10 and 80 dB SPL (Fig. 2A). Besides the obvious differences
between wild type and bIV-spectrin mutants, these data also
signify the strong degradation of FSL and more so the increase in
jitter with each 10 dB drop in sound intensity. This is especially
noteworthy as a pure tone audiogram is usually rated normal if the
respective thresholds lie within a range of 25 dB of the normal
values. So a 10 dB threshold loss would not be recognized in the
audiogram but can signiﬁcantly degrade FSL and jitter. For the bIV-
spectrin mutants, both the FSL and jitter are signiﬁcantly increased
(reducing temporal precision) even at 70 dB SPL (Fig. 2B). As
acoustic signals are usually characterized by rapidly changing en-
velopes where each transient peak in amplitude is encoded by an
action potential, a degradation of FSL and jitter has severe impli-
cations for envelope encoding as exempliﬁed here by single unit
responses to SAM stimulation (Fig. 2C). While in wild type mice
signiﬁcant periodic responses were observed in all cells for all
tested frequencies, only 8/14 cells in the bIV-spectrin mutants
showed signiﬁcant phase locking at all frequencies and even these
had poor temporal patterns (Fig. 2C, D). Based on these data we
suggest that the loss of phase locking to the stimulus on the single
neuron level prevents the synchronization of the neural responses
on the population level and causes reduced summation of the
extracellular ﬁeld potentials so that they can no longer be detected
by the ABR electrode (Fig. 2E). Therefore the loss of temporal pre-
cision rather than the loss of threshold sensitivity is responsible for
the lack of ABR waves 2 and successive ABR peaks in this mutant.
4. Mouse models of central auditory processing disorder
Central auditory processing deﬁcits manifest as difﬁculties in
certain auditory tasks, such as temporal integration, temporal
discrimination (e.g. temporal gap detection) and auditory perfor-
mance in competing acoustic signals (e.g. listening in noise),
without signiﬁcant loss in hearing sensitivity. The pattern of
increased FSL and degraded jitter illustrated for the model of cen-
tral deafness in the previous paragraph is also repeatedly described
in the following mouse models though with varying degrees of
severity (Fig. 3). ABR recordings may show delayed or
uncommonly-shaped waves but more than wave-1 can be
identiﬁed.
4.1. Kv1.1 mutation
Potassium channel mutations leading to ataxia in humans
(suggesting axonal deﬁcits) are associated with the KCNA1 gene
that encodes the KV1.1 subunit. The lack of functional KV1.1 subunits
leads to axonal conduction with decreased temporal precision
(Kopp-Scheinpﬂug et al., 2003; Smart et al., 1998) and branch point
failures in mice (Zhou et al., 1998). Our observations in the Kv1.1
mutant mouse suggest that even in a mature mouse, the presence
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Fig. 2. Central deafness phenotype in quivering mice is based on loss of temporal synchrony. A) FSL and jitter are inversely correlated to sound intensity with a larger latency
increase in the mutant mice. B) Even at 70 dB SPL (near top in A) FSL and jitter are signiﬁcantly degraded in quivering mutant VCN neurons (n ¼ 17) compared to wild type VCN
neurons (n ¼ 24). C) Dot raster display of responses to SAM stimulation (at characteristic frequency/80 dB SPL, 100 ms duration, 5 ms ramps, 100% stimulation depth, 20 repetitions)
with modulation of frequencies between 100 and 1000 Hz. Synchronous responses create a sharp onset response followed by a rippled pattern in the wild type (purple) but not in
the mutant (yellow). Vector strength values of 1 indicate perfect entrainment between the neuronal response and the SAM stimulus (signiﬁcance assessed by Rayleigh statistics). D)
Mean (±s.e.m.) data of vector strength vs. modulation frequency. Vector strength was signiﬁcantly higher in wild type VCN neurons (n ¼ 12) than in qv4J mutant mouse VCN
neurons (n ¼ 14) (p  0.001; 2-way ANOVA, effect of genotype). E) Loss of synchronous responses especially in the onset response in the cochlear nucleus lead to lack of ABR waves
2 and up adopted with permission from (Parkinson et al., 2001)).
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potential conduction along central axons (Kopp-Scheinpﬂug et al.,
2003). The contribution of the KV1.1 subunit to the processing of
auditory information was examined using in vivo single-unit re-
cordings from VCN neurons (bushy cells), axonal endings of bushy
cells atMNTB neurons (calyces of Held), andMNTB neurons of Kv1.1
mutant mice and littermate controls. In response to repetitive
sound stimulation, the jitter of all tested neurons was increased in
Kv1.1 mutant mice compared to controls. This was expected
because KV1 potassium channels are strongly expressed in the
somata of these fast ﬁring auditory brainstem neurons (Grigg et al.,2000; Mo et al., 2002). In contrast to KV1 channel function in the
axons, somatic KV1 channel function is well described: KV1 chan-
nels maximally activate around 30 mV, which is just slightly
negative to the activation voltage of voltage gated sodium channels
(NaVs) (Brew et al., 1995, 2003; Gittelman et al., 2006). Hence the
somatic KV1 channels (mainly located in the axon initial segment)
prevent temporal summation and promote strong, synchronized
inputs (Johnston et al., 2010; Karcz et al., 2012, 2011; Oertel, 2009).
However, the comparison of FSL and jitter along the ascending
pathway (VCN neurons⇨ calyx of Held⇨MNTB neurons) suggested
that the increase in jitter observed in the MNTB responses in these
Fig. 3. Degraded FSL and jitter are a common denominator between various suggested mouse models of APD. A) Schematic showing the expression sites of the proteins discussed in
this review. 1Platzer et al., 2000; 2Striessnig et al., 2010; 3Satheesh et al., 2012; 4Strenzke et al., 2009; 5Pirone et al., 2014; 6Bock et al., 1983; 7Deol et al., 1983; 8Horner and Bock,
1984; 9Parkinson et al., 2001; 10Mo et al., 2002; 11Brew et al., 2003; 12Kopp-Scheinpﬂug et al., 2003; 13Karcz et al., 2011; 14Grigg et al., 2000; 15Li et al., 2001. *Please note that these
two proteins are of limited suitability as APD-models (see text). B) Temporal encoding of action potentials can be impaired by dispersion, aberrant ﬁring or failures. All three
mechanisms can slow down ﬁrst spike latency and increase jitter in the mutant mouse models (C).
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action potentials along the axons of VCN bushy cells and/or their
calyceal terminals, rather than in the MNTB somata themselves
(Kopp-Scheinpﬂug et al., 2003). We suggest that the degradation of
temporal precision during axonal conduction is due to malfunc-
tioning Kv1.1 channels. This is corroborated by the fact that other
known deﬁcits of axonal conduction such as demyelination are
prone to have similar effects on action potential timing (Hendler
et al., 1990; Kim et al., 2013).
The Kv1.1 mutant mouse has been scrutinized in a large number
of physiological and behavioral studies to assess the speciﬁc effects
of this mutation on hearing. Kv1.1 mutant mice were ﬁrst subjected
to similar assessments as described for the quivering mouse above.
In contrast to the quivering mutants, in Kv1.1 mutants all ABR wave
components were present and ABR thresholds were not signiﬁ-
cantly different between mutant and wild-type mice (Allen and
Ison, 2012). However, measurements of FSL, jitter and phase-
locked responses to SAM stimulation revealed temporal process-
ing deﬁcits in the Kv1.1 mutants (Kopp-Scheinpﬂug et al., 2003).
Delayed FSL and degraded jitter in the monaural pathway pre-
cluded correct integration of binaural inputs in the IID sensitive
neurons in the lateral superior olive and the inferior colliculus
(Karcz et al., 2012, 2011), suggesting a decrease in temporal preci-
sion to be the underlying mechanism for this loss in sound locali-
zation ability. In subsequent investigations, Kv1.1 mutants were
tested in sound localization and gap-detection tasks to assess
whether decreased temporal precision on a single cell level has an
effect on the behavioral level. These tests showed Kv1.1 mutant
micewere unable to discriminate sound sources that were less than90 apart (Allen and Ison, 2012) and performed worse in detecting
10 ms gaps in ongoing noise than their wild type littermates (Karcz
et al., 2015) corroborating an effect of Kv1.1 on temporal precision
on a behavioral level. Recently, testing for auditory function has
been included in the assessment of humans with known mutations
in the KCNA1 gene (Tomlinson et al., 2013). Based on the accumu-
lated knowledge of the effects of Kv1.1 mutation on neurons and
axons in the auditory pathway, auditory assessment for humans
with KCNA1 mutations should include speciﬁc tests for minimal
audible angle or understanding speech in noisy environments, both
of which might be impacted by degraded FSL/jitter (Farah et al.,
2014; Moore, 2014; Moser et al., 2013).
4.2. a2d3 mutation
The a2d3 protein is an auxiliary subunit that regulates the ac-
tivity and expression of voltage-dependent calcium channels and is
encoded by the Cacna2d3 gene. In the auditory system a2d3 is
expressed in spiral ganglia and brainstem neurons but is absent
from the organ of Corti (Pirone et al., 2014) and is therefore an
interesting candidate gene for central auditory processing disor-
ders. Genetic deletion of a2d3 resulted in only slightly increased
ABR thresholds. Longer ﬁrst spike latencies and lower ﬁring rates in
VCN neurons may underlie the broadening of ABR wave 2. Pirone
and colleagues trained a2d3 knockout mice to distinguish different
pure tones and found no difference in detection thresholds
compared to their littermates. However, changing the detection
task to distinguish different SAM revealed signiﬁcantly poorer
performance of the a2d3 knockout mice. A loss of the ability to
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pure tone detection thresholds would qualify this mouse mutant as
an ideal model for APD. Yet, the fact that mutations of a2d3 have
been identiﬁed in children with autism spectrum disorders
(Iossifov et al., 2012) may conceal a role of a2d3 in APD since the
conventional diagnosis of APD usually excludes subjects with
known additional processing disorders such as autism.
4.3. High-voltage activated potassium currents
Mutations in high-voltage activated potassium channels like
Kv2.2, Kv3.1 and Kv3.3 are also candidate models for involvement
in APD, as all of these are crucial for the repolarization of action
potentials in the whole brain and enable the high frequency ﬁring
patterns that are typical for many auditory neurons (Johnston et al.,
2010; Liu et al., 2005; Song et al., 2005; Tong et al., 2013; von Hehn
et al., 2004). Although, Kv3.1 mutant mice have so far only been
sparsely tested for auditory function such as ABRs, single-unit ﬁring
or temporal processing tasks in vivo, Kv3.1 channels (Zettel et al.,
2007; Strumbos et al., 2010) might serve a comparable function
to Kv2.2 channels in ensuring high-ﬁdelity ﬁring at high input
frequencies (Johnston et al., 2008; Tong et al., 2013). In contrast,
very interesting work has been done on a mutation in the KCNC3
gene, which encodes for the Kv3.3 ion channel protein
(Middlebrooks et al., 2013). The KCNA3R420H mutation causes a
complete lack of channel activity when expressed alone and a
dominant-negative effect when co-expressed with the wild-type
subunits (Waters et al., 2006). This mutation has been known to
cause spinocerebellar ataxia type-13 and mental retardation in
affected individuals (Herman-Bert et al., 2000; Waters et al., 2006).
Middlebrooks et al. (2013) were intrigued by the high expression of
Kv3.3 in the auditory brainstem (Grigg et al., 2000; Li et al., 2001),
especially the MNTB which is a major hub of inhibition and
crucially involved in sound localization. In their study they found
that human subjects with the KCNA3R420H mutation had signiﬁ-
cantly increased thresholds for both the detection of interaural
differences in level and time (Middlebrooks et al., 2013). These
symptoms ﬁt the description of APD, in that all subjects had normal
pure tone audiometry despite deﬁcits in binaural comparison.
Interestingly, they did not self-report speciﬁc hearing problems.
Conceivably this is because, given the congenital nature of their
condition, they had noway of comparing their perceptionwith that
of accurate hearing.
5. Models of possible APD processing mechanisms, but with
more widespread phenotypes
5.1. Cav1.3 mutation
The Cav1.3 protein, encoded by the Cacna1d gene, is the pore-
forming subunit of the L-type calcium channel and plays a pivotal
role in neurotransmitter release from presynaptic terminals. The
Cacna1d gene is a known ‘deafness’ gene (Platzer et al., 2000)
because of its expression at the inner hair cells. A loss of function
mutation of CACNA1D in humans leads to deafness in homozygote
but not necessarily in heterozygote individuals (Baig et al., 2011).
Here we discuss a conditional knockout mouse of Cacna1d that
caused the absence of this calcium channel from the superior oli-
vary complex while leaving its expression in the cochlea unaltered
(Satheesh et al., 2012). This very elegantly allowed the assessment
of Cav1.3 function in central auditory processing independent of its
function in the cochlea and resulted in abnormal ABRs. ABR wave 1,
which indicates sound evoked activity in the cochlear output, was
comparable between Cav1.3 KOs and wild types corroborating the
functionality of the cochlea. Interestingly, what would be wave 2and 3 in the wild type seem to have merged together in the mutant,
suggesting a loss of synchrony in the signal transmission between
cochlear nucleus and superior olivary complex that prevents a clear
peak separation. Further studies on this mutant are very likely to
reveal deﬁcits in temporal processing of auditory information as
well as decreased sound localization abilities. Striessnig et al. (2010)
suggested that no clinical symptoms would be predicted in het-
erozygous subjects but congenital hearing impairment would be
observed in homozygous individuals. Though heterozygote in-
dividuals might have a sufﬁcient number of Cav1.3 channels in the
cochlea to pass conventional audiometry, based on the data from
the conditional Cav1.3 mutant (Satheesh et al., 2012) it may be
prudent to test heterozygote individuals for APD and start treat-
ment/training as early as possible. Loss of function mutation of
CACNA1D in humans is very often accompanied by sinoatrial node
dysfunction (Baig et al., 2011) resulting in a slow heart rate, a
phenotype that has not been associated with APD.5.2. Complexin-1 mutation
Complexin-1 is a small cytoplasmic protein that binds to the
SNARE complex and, depending on its conformation, can either
inhibit or facilitate synaptic vesicle fusion and transmitter
release. In the auditory system, spiral ganglion neurons but not
cochlear hair cells express complexin-1 (Strenzke et al., 2009).
Strenzke et al. (2009) showed that genetic deletion of complexin-
1 causes a minor (~15 dB) threshold shift at only the mid-
frequency range in young adult mice, which increased to about
30 dB affecting all frequencies in older mice. The observed
decrease in release probability at the endbulb of Held, the large
synapse which provides the main excitatory input from the
auditory nerve onto VCN bushy cells, resulted in decreased onset
ﬁring rates, longer FSL and degraded jitter in vivo. The decreased
temporal precision would cause a loss of synchrony along the
ascending auditory pathway similar to the results described
above for the bIV-spectrin and the a2d3 mutations. However, the
severe ataxia phenotype of complexin1 knockouts is lacking in
ADP sufferers and therefore limits the complexin-1 mouse as a
model for APD in a holistic approach.6. Conclusion and outlook
In conclusion, changes in onset encoding of auditory infor-
mation are at comparable time scale in humans and mice with
temporal processing deﬁcits. The list of mouse models provided in
this report is not exhaustive, but aims to inspire interpretation
and discussion of yet unsolved cellular mechanisms underlying
APD. The changes in temporal precision in the reported mouse
models are sometimes subtle and often accompanied by motor
dysfunction and therefore require careful analysis. Similarly, the
detection of APDs is often difﬁcult as APD is frequently part of
more complex systemic disorders including speciﬁc language
impairment, dyslexia, attention deﬁcits/hyperactivity disorders,
and possibly autism. Consequently this overview of mouse models
should be beneﬁcial for determining the underlying cell-
physiological changes leading to phenotypes comparable to
APD, for predicting its progression and for developing therapeutic
approaches. First spike latency and jitter in auditory nuclei are
ideal markers to detect auditory processing dysfunction on the
single cell level. Further behavioral or non-invasive electrophys-
iological study of animal models carrying such deﬁcits will help to
design speciﬁc tasks or diagnostic criteria to test for APD in
humans.
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